We report Raman studies of the E 2 2 and A 1 ͑LO͒ symmetry phonons of bulk AlN from 13 to 375 K. Based on observed dependences of the phonon energies and linewidths, and accounting for the temperature-dependent thermal expansion, we determine that both phonon lifetimes are limited by two-phonon decay. The E 2 2 decays symmetrically. The A 1 ͑LO͒ asymmetrically decays into vibrations with energies 586 and 309 cm −1 which we attribute to A 1 ͑TO͒ and LA phonons from the M point of the Brillouin zone.
Wide band gap semiconductors GaN and AlN are receiving great attention due to their importance in deep ultraviolet optoelectronic and high power electronic devices. Because bulk crystals are not widely available, basic and applied studies of these materials have primarily relied on heteroepitaxy using foreign substrates.
1,2 These epitaxial crystals are generally abundant in dislocations, which strongly affect the optical and electrical properties. Recent advances in growing bulk AlN, with relatively low defect density, present the opportunity to study intrinsic fundamental properties.
It is important to study the vibrational properties of materials particularly for device structures where high current densities produce substantial Joule heating. 3 This is particularly the case in polar materials, where the Fröhlich electronphonon interaction is dominant. Scattered electrons predominantly emit zone-center longitudinal-optic ͑LO͒ phonons. 4 To dissipate energy from the immediate region, these LO phonons must decay into traveling acoustic waves. The intrinsic phonon properties of high-quality crystalline materials are thus of relevance to self-heating and any phonon engineering efforts to mitigate the associated device problems.
Phonon lifetimes in ideal crystals are determined by decay processes. 5 Fundamentally, phonons decay into two or more phonons subject to energy and wave vector conservation. The most probable decay channels are those for which the vibrations created have high density of states. The twophonon decay mechanisms are referred to as Ridley and Klemens processes. 5, 6 In the Klemens process an optical phonon decays into two identical acoustic phonons with opposite momenta. The decay of an optical phonon into one transverse optical ͑TO͒ phonon and one longitudinal acoustic ͑LA͒ phonon is known as the Ridley channel. The twophonon process does not fully describe the phonon decay mechanism in all cases. Under these circumstances, it is usual to include three or higher-order phonon decay processes.
Temperature dependent Raman scattering measurements are ideally suited for examining zone-center phonon decay processes. Under the best conditions, both the phonon energy and line width may be accurately described according to phonon decay. In this letter, we report studies of the E 2 2 and A 1 ͑LO͒ phonons in bulk AlN. This material is seen to exhibit very narrow Raman bands allowing investigation of the linewidth and its implications in phonon lifetime.
AlN ingots were grown by sublimation sandwich technique described elsewhere. 7 The ingots were sliced and the Al-faced ͑0001͒ oriented samples polished. X-ray and Raman measurements were carried out on free-standing samples with diameter of 1.25 cm and thickness of 0.3 mm. X-ray diffraction studies are performed using a highresolution diffractometer in double-and triple-axis alignments with Cu K␣ 1 monochromatic radiation. The illumination area is ϳ1 ϫ 6 mm 2 . The a and c lattice constants obtained from measurements of ͑0002͒ and ͑1124͒ reflections are consistent with relaxed AlN material. X-ray -scan linewidths were ϳ25 arcsec for ͑0002͒ diffraction and ϳ38 arcsec for the ͑1124͒ diffraction. These compare well with other bulk AlN materials. 8, 9 Micro-Raman measurements were made using a 488.0 nm excitation and with the sample temperature controlled using a closed-cycle cryostat. 10 The reported linewidths are corrected for the 2.0 cm −1 instrumental bandpass of the Raman system. T = 20 K is narrow, comparing well with previously published results 11 and indicative of high crystal quality. 12, 13 The A 1 ͑LO͒ phonon observed in our spectrum is likewise very narrow, consistent with high crystal quality and low doping concentration.
14 The narrow phonon lines are essential for examining of the intrinsic phonon decay properties.
In Figs. 2 and 3 we show the temperature dependences of the phonon energies and line widths for the E 2 2 and A 1 ͑LO͒, respectively. The Raman shifts decrease and lines broaden with increasing temperature. For bulk materials, temperature dependences of ͑T͒ can be described by the thermal expansion and anharmonic ͑decay͒ interactions according to
where 0 is the harmonic frequency of the phonon mode, ⌬ 1 ͑T͒ is the thermal expansion contribution to the frequency and ⌬ 2 ͑T͒ is the anharmonic interaction term. 15 The thermal expansion contribution to the shift is given by In the cases where vibrational modes decay via creation of two phonons, the anharmonic contribution to the phonon shift ⌬ 2 ͑T͒ is 15
where n͑ , T͒ = ͓exp͑hc / k B T͒ −1͔ −1 is the Bose function at energy hc. Quantities 1 and 2 are frequencies of the phonons created by the decay and A is the anharmonic decay constant. The created/annihilated phonon energies must satisfy conservation of energy. In the cases where the two phonon decay is not sufficient to describe the overall process, higher-order decay terms are included in the expression for ⌬ 2 ͑T͒.
In analogy with the above treatment, the linewidth ͑⌫͒ is described in terms of anharmonic interactions
where ⌬ 2 Ј͑T͒ is identical in form to ⌬ 2 ͑T͒ with coefficients A replaced by C. The linewidth is influenced by anharmonic decay and inhomogeneous impurity phonon scattering. Following Ref. 17 , measured phonon linewidths may be used to approximate values of the phonon lifetime using
where the Planck constant ប = 5.3ϫ 10 −12 cm −1 s and ⌫ is corrected for the instrumental resolution.
We use Eq. ͑1͒ with fitting parameters A, 0 , 1 , and 2 to fit the temperature dependence of our E 2 2 Raman shift data, as shown in Fig. 2͑a͒ . Fit results are included in each panel and parameters are summarized in Table I . Our analysis shows that the E 2 2 phonon decays primarily by twophonon symmetric decay with identical energies 1 = 2 ϳ 330 cm −1 . In contrast to GaN, 18 the Klemens channel fully describes the decay of AlN E 2 2 phonon over this temperature range. In Fig. 2͑a͒ , we show the individual contributions of the thermal expansion and two-phonon decay process. These two contributions are found to be comparable across the temperature range examined, illustrating the importance of correctly accounting for the thermal expansion effect. Based on the above analysis of the phonon energy, we now analyze the temperature dependence of the E 2 2 linewidth. We use the same value for 0 obtained previously and fit Eq. ͑3͒ to our E 2 2 linewidth data varying parameters G 0 , C, 1 , and 2 , as shown in Fig. 2͑b͒ . Our analysis results in agreement between fitting parameters 1 and 2 from Raman shifts and linewidths. Coefficients A and C are likewise in reasonable agreement. Thus, the temperature dependence of the phonon energy and linewidth allow us to obtain consistent results showing the decay of E 2 2 into two phonons with identical energies. Examination of the AlN phonon dispersion curve 19 suggests that decay into two LA phonons from the A point of the Brillouin zone satisfy the conservation of momentum, although we cannot rule out M-point LA phonons. Figure 3 shows the temperature-dependent Raman shifts and linewidths of the AlN A 1 ͑LO͒ phonon. The individual contributions from thermal expansion and two-phonon decay to overall Raman shift are separately plotted along with the overall dependence from Eq. ͑1͒ with fitting parameters A, 0 , 1 , and 2 . Results are summarized in Table I . Our analysis suggests that the A 1 ͑LO͒ phonon exhibits asymmetric decay, i.e., 1 2 , producing one TO phonon with energy 586 cm −1 and one LA phonon with energy 309 cm −1 . Similar to the E 2 2 phonon dependence, the contribution from the two-phonon decay process are comparable in magnitude to that from thermal expansion.
In analogy to our analysis of E 2 2 line width data, we keep the value of 0 from our temperature dependence of A 1 ͑LO͒ Raman shift and use Eq. ͑3͒ with fitting parameters G 0 , C, 1 , and 2 to fit our A 1 ͑LO͒ line width data, as shown in Fig. 3͑b͒ . Our analysis shows that fitting parameters 1 and 2 are consistent, as are the parameters A and C. This consistency strongly supports the decay of A 1 ͑LO͒ phonon into one TO phonon and one LA phonon as the most possible decay channel. From published phonon dispersion curves for AlN, 19 the created phonons may be attributed to the A 1 ͑TO͒ and LA vibrations near the M point and possibly the B 1 and E 2 1 vibrations from the L point of the Brillouin zone. The former decay assignment is the Ridley channel. 5 In Fig. 2͑b͒ , we also plot the temperature dependence of the E 2 2 phonon lifetime calculated using our data and Eq. ͑4͒. The E 2 2 phonon lifetime at 20 K is 1.9 ps. Our value of 1.4 ps at 300 K is close to the value reported in Ref. 11 and slightly larger than that in Ref. 17 . The temperature dependence of the A 1 ͑LO͒ phonon lifetime is plotted in Fig. 3͑b͒ . The A 1 ͑LO͒ phonon lifetime at 20 and 300 K are 0.8 and 0.6 ps, respectively, slightly longer than previous reports. 11, 17 Our decay mechanisms for E 2 2 and A 1 ͑LO͒ phonons in AlN differ from prior results, in which the E 2 2 phonon asymmetrically decays into two phonons, at 176 and 483 cm −1 , and the A 1 ͑LO͒ phonon decays symmetrically into two phonons at 447 cm −1 . 11 There are several factors which may explain the differences between our results and prior studies. First, we use the temperature dependent thermal expansion coefficients. This factor is important particularly in the temperature range below ϳ250 K, where ␣ c and ␣ a deviate significantly from the higher-temperature value. Second, we exploit both Raman shifts and linewidths to obtain consistent decay mechanisms based on their temperature dependences for the E 2 2 and A 1 ͑LO͒ phonons. Finally, III-nitride growth research has resulted in persistent improvements in crystal quality. These improvements permit examination of intrinsic properties and refinement of the important phonon decay mechanisms.
It is interesting to compare phonon decay properties in the III-nitrides. For the E 2 2 phonon in GaN the decay is solely through the three-phonon channel, 15, 18 and for InN it has been attributed primarily to the three-phonon channel. 20, 21 In contrast, we find the E 2 2 phonon in AlN to decay via the symmetric two-phonon channel. This difference is attributable to the presence of a large gap in the phonon density of states in InN and GaN, while there is no similar gap for AlN. For the A 1 ͑LO͒ phonon, GaN exhibits predominantly two-phonon asymmetric decay, 15, 18 with asymmetric two-phonon decay reported for InN ͑Ref. 21͒ and a possible contribution from three-phonon symmetric decay. 20 Consistent with these results, we find the A 1 ͑LO͒ phonon in AlN to decay by asymmetric two-phonon emission. Thus, over a very large range of cation masses in the wurtzite structure, we conclude that the Ridley decay channel LO→ TO+ LA is valid even in the case of AlN where the gap between optic and acoustic phonon branches is small. 
